Abstract-Blood flow, posture and phenotype (such as age, sex, smoking habit or physical activity) are closely related to vascular health. Episodic monitoring of the vascular system in clinical setting can lead to late diagnose. Inexpensive wearable devices for continuous monitoring of vascular parameters have been widely used, however, they often have limitations in data interpretation: changes in the environment setting can significantly affect the meaning of the results. This paper proposes a low cost networked body worn sensors for realtime analysis of hemodynamics and reports preliminary results on the relation between blood flow (measured through pulse arrival time (PAT)), the effect of postures and age ranges based on experiments with 13 volunteers of different age ranges (<25 years old and >50 years old). Standing, supine and sitting postures were investigated while photoplethysmograph (PPG) sensors were placed at different locations (ear, wrist and ankle). Results show the PAT changes according to the investigated locations and postures for both age group. Also, the average PAT values of the older group are generally higher than those of the younger group. In the older group, the average PAT value is higher for the supine posture than that of the sitting posture which is itself higher than that of the standing posture. In the younger group, the average PAT is higher in supine than that of the sitting and standing postures which have similar average PAT values. This indicates that hemodynamics vary with posture and age.
I. INTRODUCTION
Hemodynamics is the study of blood flow and its response to environmental stimuli. It can be discriminated with parameters such as heart rate (HR) and blood pressure (BP). Change in posture (e.g. standing, sitting or lying) brings about different hemodynamic response which variates with phenotype. Although the biological meaning of all cardiovascular hemodynamic responses is not fully understood [1] , [2] , defining patterns and comprehensive rules is the first step towards its continuous monitoring with reliable data extraction. Many long term vascular diseases such as diabetic neuropathy can only be discretely monitored. Although inherent conditions can be self-monitored such as hypertention, regular medical appointments are required as only experienced staff can use machines such as ultrasounds, angiography, CT or MRI scans to evaluate the overall disease progression. The use of these machines is often expensive with delayed appointment, which reduces the chances of early intervention. To overcome these limitations, research on wearable devices for the monitoring hemodynamics have been pursued. Measurement of vascular parameters such as HR, electrocardiograph (ECG), arterial oxygen saturation (SpO 2 ) or photoplethysmograph (PPG) monitoring are commonly used [3] , [4] . From these raw measurements, more complex information can be extracted such as BP [5] , [6] or blood vessel elasticity [7] . Following MoensKorteweg equation, pulse wave velocity (PWV) depends on the blood vessel thickness, diameter and elasticity and PWV is inversely related to pulse transit time (PTT) which is itself related to BP [5] . PWV measures how fast a pulse wave propagates through the arterial vessel and PTT gives the time a pulse wave takes to leave the heart and reach a location at a certain distance. Pulse arrival time (PAT) gives the time a pulse wave takes to leave a location and reach another. Therefore, to calculate PTT, ECG and PPG signals are necessary: PTT is the temporal difference between the nearest R-peak of the ECG and PPG peak. PAT requires at least two PPG signals: PAT is the temporal difference between the nearest PPG peaks. Although the theory is asserted by mathematical proof, the practical ability of deducing more complex information is questioned [8] .
The goal of the paper is to a introduce wearable body sensor network for capturing real-time hemodynamic responses and provide preliminary results on the differences in hemodynamic responses induced by posture changes and age by analysing PAT at different location of the body. This research demonstrates the feasibility of using a low cost wearable sensor network to capture hemodynamic responses in normal living settings. It could enable continuous hemodynamic monitoring which is a vital information for monitoring many vascular diseases.
II. MATERIAL & METHOD
A wireless wearable PPG device has been developed [9] , [10] . Using Bluetooth low energy communication, the data are remotely sent to a mobile application on a smart device. Composed of a red (740nm) LED and a photodetector (TEMD5010X01 from Vishay), the compact device is 11x18mm 2 (see figure 1 ). The embedded software is similar to that previously described [9] , [10] . Ethical approval was obtained from the NHS South East London Research Ethics Committee 3 in December 2010 (10/H0808/124). 13 volunteers participated in a study; a written consent form was signed by all subjects prior to the experimental session. All participants were females: 9 of them were under 25 years old (mean 22.8 ± 1.75, range 20 to 25 years old) and the remaining over 50 years old (mean 58.25 ± 8.05, range 50 to 67 years old). All volunteers belong to types 1 to 3 in the Fitzpatrick scale [9] , i.e. the participants have a light to medium skin color. The body mass indexes (BMI) of all participant were within the normal range. None of them had known cardiovascular disease or comorbidities.
The goal of the experiment is to evaluate the feasibility of using the proposed sensor network to capture temporal differences in PPG measured at different locations of the body -to obtain the PAT -given different postures and different age ranges. To do so, the proposed PPG sensing device was placed at the ear lobe, the wrist and the ankle (see figure 1) . During the study, the subject was asked to remain in a posture (for about 5 minutes): standing, supine or sitting. The order of the posture (6 possibilities) was randomly assigned to the subject at the beginning of the experiment. Diastolic and systolic BP (DBP and SBP) and HR measurements were also measured during the experiment using the digital blood pressure monitor from A&D Medical. The protocol consisted in: 1) 5 minutes holding in a given posture P i 2) DBP, SBP and HR measurement while in posture P i 3) 5 minutes data acquisition holding in posture P i 4) DBP, SBP and HR measurement while in posture P i 5) 2 minutes holding in posture P i 6) DBP, SBP and HR measurement while in posture P i 7) change to posture P i+1 with i, the posture ID number, i={1,2,3}; it was therefore repeated 3 times, for each posture. The data was then analysed to retrieve PAT measurements following this process [10] (see figure 2): 1) Time synchronisation: using data time stamp, the signals are synchronised with each other. 2) Data filtering: a low pass filter is applied on each acquired signal. 3) Data selection: every 15 seconds, the noise to signal ratio (SNR) of each signal in a window of 30 seconds of data is analysed. PAT extraction is performed on the window of the 3 signals with the minimum cumulated SNR. 4) Gaussian probability distribution is designed and then respectively multiplied with each signal: the first goal is to evaluate each point of a PPG cycle in its probability to be a peak. To do so, a Gaussian probability distribution, G n , is created (see equations 1 and 2) and duplicated along the signal for approximatively all PPG cycle. A PPG cycle is considered to happen at regular interval with a standard deviation of 4 data points. The probability is multiplied with the signal GS n and the point, Peak n (t), that is the most likely to be a peak at time t is found (see equation 3). A simple re-evaluation of the peak is conducted by introducing a temporal constraint on the detection based on the previously found peak point (see equation 4).
with n the investigated PPG cycle, µ n is the mean of the n th Gaussian distribution and σ 2 is the variance of the Gaussian distribution with σ = 2.
S j is the investigated PPG signal, with j={1,2,3}
Peak n (t) = max[S j (Peak n (t)), S j (Peak n (t +1)), S j (Peak n (t −1))]
with S j (Peak n (t + α)) the signal j value from the peak point at time t ±α, α = {0, 1, −1}. 5) PAT calculation for each signal combination (3 combinations) is done: starting at the same time, the closest peaks of the two investigated signals are taken into account to calculate the PAT and a mean filter is subsequently applied to give the final PAT measurement (see equation 5).
with N the total number of PPG cycles. III. RESULTS Table I shows the averaged DBP, SBP and HR measured for each participant for each postures. Figure 3 shows the PAT values measured at the ear-wrist, ear-ankle and wristankle locations for each participant for each postures. Figure  4 shows the ranges of PAT for all locations for each subject with the different postures. In these table and figures, subjects 1-9 are under 25 years old and subjects 10-13 are above 50 years old. Tables III and II shows the mean and standard deviation of DBP, SBP, HR and PAT for each age range group and posture.
In table I, for all postures the SBP, DBP and HR are in average higher in the over 50 years old subjects with a bigger standard deviation. The increased standard deviation might come from the small number of participant (see table Once the posterior probability of pulse peak given the data point of a cycle is calculated, the data point with the highest posterior probability of the cycle will be classified as the peak (Peak t ). The blue, red and green dots of the ankle, ear and wrist signals respectively are the peaks with the highest posterior probability. The cyan and magenta dots are respectively the previous (Peak t−1 ) and following (Peak t+1 ) points of the detected peak. With a simple comparison, the final peak is determined and circled in black. III). In figures 3 and 4, the PAT values of the subjects older than 50 years old are much different than those of younger participants, especially in the case of supine and sitting postures. In the case of standing posture, the difference is reduced. This is asserted by table II showing higher PAT average in supine and sitting postures for the older group while the standard deviations are similar. Also, in the older group, the PAT values are higher in the supine posture than those in the sitting posture which are themselves higher than those in the standing posture. This is independent to the investigated locations (ear-wrist, ear-ankle and wrist-ankle) with similar standard deviations. Similarly, in the younger group, although sitting and standing postures have similar PAT, the average PAT in the supine posture is much higher. In general, the supine posture brings about higher PAT values independent of age and sensor locations. This suggests that hemodynamic responses vary with posture and age range.
IV. DISCUSSION & CONCLUSION
The current way of monitoring vascular diseases has many limitations in terms of screening accessibility and close regular monitoring. Continuous monitoring through inexpensive wearable devices has been investigated. They commonly measure basic vascular parameters such as HR, ECG, SpO 2 or PPG. With mathematical models and biophysical evidence, more complex information on the vascular system TABLE I: Averaged SBP, DBP and HR of each participant for each position over the 3 measurements. Subjects 1-9 <25YO and subjects 10-13>50YO. PAT measurements for the different locations (earwrist, ear-ankle and wrist-ankle) for each participant for each posture using the algorithm previously described (see figure  2 ). Subjects 1-9 <25YO and subjects 10-13>50YO. can be derived. However, due to lack of extensive studies on the relations between blood flow, posture and phenotype, these data cannot be turned into reliable information on the state of vascular disease or comorbidities. PPG data was taken at different locations (on the ear, wrist and ankle) for different postures (standing, sitting and supine) on 13 female volunteers divided into under 25 and over 50 years old groups. The goal of the paper is to assess the relation between blood flow, posture and phenotype. Results show the PAT values for subjects over 50 years old are higher than those of younger participants, especially in the supine and sitting postures. In both groups, the PAT values are higher in the supine posture than those in the sitting posture which are themselves higher than those in the standing posture. This is independent to the sensor locations (ear-wrist, ear-ankle and wrist-ankle). The results show that subjects in supine posture would have much higher PAT values. This indicates that hemodynamics varies with posture and age. Future work includes a more comprehensive study, with different daily activity monitoring with an increased number of participants of different sex and age range. Different body locations will also be taken into consideration.
